INTRODUCTION
In 2012, bell peppers for the fresh and processing markets were grown on 55,500 acres, and valued at more than $625 million in the United States (23) . An important pathogen that can limit pepper production is the oomycete Phytophthora capsici, which causes root and crown rot, stem and leaf lesions, and fruit rot (22, 24) . Collectively, these symptoms are called Phytophthora blight and can result in considerable yield losses. Most other solanaceous vegetables, all cucurbits, and some legumes are also susceptible to Phytophthora blight (10) . The sexual spores of the pathogen (oospores) can survive in soil for years, and serve as the primary inoculum in temperate growing regions (e.g., the northeastern United States) where peppers and other vegetable or weed hosts do not grow year-round (4) . Previous studies have shown that germination of oospores in the soil (and subsequent infection of plants) requires fluctuations in soil moisture (3, 11) . The asexual sporangia are produced rapidly and release motile zoospores when sufficient water is present (2) . They can also spread quickly through a field via surface water (5, 19, 20) . Increased disease incidence has been associated with warm temperatures and excess soil moisture (22) .
Effective management of Phytophthora blight requires an integrated approach including cultural practices, crop rotation, fungicide application, and host resistance (10) . Several wild peppers with high levels of resistance to Phytophthora blight have been identified, including a land race from Mexico (CM-334), which is a common source of resistance for both public and private breeding programs. While resistant bell pepper cultivars have been available for some time, the genetics controlling resistance to Phytophthora blight in pepper are not clearly understood. Evidence to date supports the hypothesis that multiple genes are involved, and that different genes are responsible for resistance to root rot, fruit rot, and leaf lesions (16, 21) .
Previous studies have shown that isolates of P. capsici vary greatly in their virulence on various hosts, including different pepper genotypes (7, 17) . While some studies have classified P. capsici isolates into races based on virulence to differential pepper genotypes (e.g., 9), there is currently no consensus on race classifications of this pathogen. Although no commerciallyavailable pepper cultivars are immune to Phytophthora blight, previous studies conducted either in the greenhouse or in a single growing season have reported high levels of resistance in Paladin and intermediate levels of resistance in Aristotle, Revolution, and Declaration (1, 7, 15) . Levels of resistance varied among studies, and among isolates of P. capsici, but Red Knight was consistently highly susceptible. Intruder and PS 09941819 are newer cultivars that are also marketed as resistant to P. capsici.
The objective of this study was to identify commercially available bell pepper cultivars that show high levels of resistance to an isolate of P. capsici in upstate New York. This information can be used by growers when selecting the best cultivar for their specific fields and markets. It will also be useful to researchers screening additional pepper cultivars for resistance to Phytophthora blight in the field.
FIELD SITE AND PLANT MATERIAL
All trials were conducted at the Phytophthora Blight Farm, a nine-acre research field at Cornell University's New York State Agricultural Experiment Station in Geneva, NY. This facility was constructed in 2007 for the purpose of studying the biology and management of P. capsici in upstate New York, without impacting nearby research and commercial vegetable fields. The soil is Odessa silt loam. In each year, peppers were grown on raised beds (4 inches high, 3 ft wide, and 7 ft apart on center) covered with black plastic. At the time beds were built, 300 lb/acre of 10-10-10 fertilizer was applied in the center of each bed and drip tape was laid beneath the plastic (slightly off-center). Commercial bell pepper cultivars were selected based on what is commonly grown on upstate New York farms, including some cultivars that are advertised as resistant to Phytophthora blight ( Table 1) 
INOCULATION WITH PHYTOPHTHORA CAPSICI
The P. capsici isolate used in inoculation (NY 0664-1) is a single-spore isolate obtained from a bell pepper plant grown on a commercial farm in central New York in 2006. Based on preliminary greenhouse assays, it is representative of other P. capsici isolates found in New York State in terms of virulence on pepper (unpublished data). The same isolate was used in each season (as has been done previously; 8), so that results could be compared between years. The isolate was periodically inoculated onto a host in the greenhouse and re-isolated in order to maintain virulence. Each year, peppers were inoculated multiple times (Table 2) , and inoculum was prepared as previously described (6) . In the first years of the trial, plants were inoculated later in the season and with lower concentrations of zoospores at early inoculation dates (Table 2 ). This was done in order to avoid killing all plants immediately, since the soil at the trial site is heavy and poorly-drained. In subsequent years, plants were inoculated earlier in the season and with higher concentrations of zoospores, in order to achieve a stringent test of host resistance. Weather conditions in each year also impacted the inoculation dates. At each inoculation, 5 ml of a suspension of zoospores of P. capsici (see Table 2 for concentrations) was applied with a 1.5-gal hand-pump sprayer at the crown of each plant. As the season progressed, higher concentrations of zoospores were applied per plant (except in 2012), and inoculum was directed higher up the stem (where stem tissue was still green) as plants aged and stems became lignified.
EVALUATION OF RESISTANCE TO PHYTOPHTHORA BLIGHT IN BELL PEPPERS
Beginning approximately 1 week after inoculation, the number of plants showing symptoms of Phytophthora blight (wilting or death) was counted two to three times per week and used to 19 Jun, 10 July a Zoospores were applied using a hand-pump sprayer and the quantity of zoospores was increased in subsequent inoculations throughout the season in all years except 2012. Modesto, CA a All listed cultivars are commercially-available bell peppers, with the exception of CM-334 which is a land race used as a source for Phytophthora resistance in many breeding programs. b Resistance to Phytophthora blight, as advertised by the supplier, only (not as determined by previous studies). NA = not advertised as resistant to Phytophthora blight.
calculate incidence in each plot on each rating date. Plants were rated through the remainder of the growing season (2 to 3 months, depending on the season and when plants were inoculated). Disease incidence throughout the season was used to calculate area under the disease progress curve (AUDPC) for each cultivar in each year, which was then divided by the total number of days over which ratings were taken to calculate the relative AUDPC (RAUDPC; 14). This was done so that comparisons could be made between years, since the magnitude of AUDPC is directly related to the number of rating dates. A higher RAUDPC value corresponds to both greater disease incidence and more rapid plant death. Significant differences in RAUDPC among cultivars in a single year were tested using an analysis of variance (ANOVA) in the R statistical software, the most recent version of which is available online from the R Foundation for Statistical Computing. Means were then separated with a Tukey's honestly significant differences test (alpha = 0.05) using the "agricolae" package, which is published by the International Potato Center and available online through the Comprehensive R Archive Network.
Results comparing final disease incidence (not RAUDPC) among cultivars from 2011 have been previously published (6) , and RAUDPC results from that year are included here in order to make comparisons among years. Of the cultivars planted in these trials over five years, Aristotle, Intruder, and Paladin consistently had the lowest RAUDPC values and therefore the most resistance to the isolate of P. capsici used in this study (Fig. 1) . Archimedes also showed high levels of resistance (mean RAUDPC not significantly different from Intruder and Paladin), but was only included in 2012. The land race CM-334 remained symptomless throughout the season in 2008, while low levels of disease were observed on the other highly resistant cultivars in most years. Cultivars Karisma and Red Knight had the highest RAUDPC values over multiple years. They were therefore considered highly susceptible and are not recommended for fields with a history of Phytophthora blight. Although they were only tested in one year, the cultivars Escalade, Keystone Giant, and King of the North had RAUDPC values not significantly different from Karisma and Red Knight in those years, and therefore are not likely to perform well in fields with a history of Phytophthora blight. Cultivars with mean RAUDPC values significantly larger than those observed for resistant cultivars, but significantly smaller than those observed for susceptible cultivars in most years, were considered to have "intermediate resistance" to this isolate of P. capsici. Based on these criteria, the cultivars ACR285, Declaration, Revolution, PS 09941819, and Vanguard were considered intermediately resistant, although ACR285 and PS 09941819 were each only planted in one year. In the case of Declaration and Revolution, resistance compared with Red Knight varied between years. Because the P. capsici isolate used in these trials is representative of isolates found on New York farms, these results are a good indication of how these cultivars will likely perform in New York fields infested with P. capsici. However, since resistance to Phytophthora blight in pepper is known to vary depending on the isolate (7, 17) , results may differ in other states. The inclusion of Paladin and Red Knight (widely reported to be highly resistant and highly susceptible, respectively; 1,7,15) in most years of this trial should facilitate comparison with results from trials conducted in other states with local isolates of P. capsici.
VARIATION IN TEMPERATURE AND RAINFALL AMONG YEARS
Throughout each season, weather data was collected at a weather station located less than two miles from the trial location. Data collected from this station were used to calculate various weather parameters, either as an average for the months of June, July, and August, or summed over these three months in each year. These data included: average, maximum, and minimum daily air temperatures (°F), average daily pan evaporation per month (inches), total monthly rainfall (inches), total number of days per month without precipitation, the maximum consecutive days without precipitation during all three months, and the cumulative growing degree days (GDD; base 50°F) during these three months each year (Table 3) .
Based on growing degree days and total monthly rainfall for June, July, and August in each year, the 2008 growing season had moderate temperatures and was relatively wet. (Fig. 1) . This was probably due largely to timing of inoculation (both plant age and weeks post-transplant), the number of times plants were inoculated, and inoculum concentration ( Table 2 ). These and other factors are known to impact incidence of Phytophthora blight (11, 13, 18, 22) .
High RAUDPC values observed in 2010 are not surprising. Warm temperatures are known to favor Phytophthora blight, and high rainfall and humidity (as measured by pan evaporation) are expected to promote sporulation and secondary spread. In addition, plants were inoculated six times in 2010, beginning at a young age (7 weeks). Since inoculations in 2011 and 2012 were timed to coincide with sufficient moisture (and natural rainfall was augmented with irrigation prior to inoculation), the high RAUDPC values for susceptible cultivars in these years were also expected. The warm temperatures promote pathogen growth, and drier weather (as evidenced by higher pan evaporation) places additional stress on plants, resulting in earlier wilting and death following infection by P. capsici.
In 2008 Decreased susceptibility to Phytophthora blight with age of pepper plants has been previously reported in greenhouse trials (12, 13, 18) , and we have seen similar trends when inoculating pepper seedlings in the greenhouse (unpublished). Further work would be needed to elucidate the relative effects of weather, plant genotype, and plant age on incidence of Phytophthora blight on pepper in the field. However, even if pepper plant resistance increases with plant age, pepper fruit remain susceptible throughout the season. Currently-available commercial bell pepper cultivars only have resistance to Phytophthora root rot, not fruit rot, and high incidence of fruit rot can still occur in resistant cultivars like Paladin (15) . Thus, the results of this trial should not be interpreted to mean that Phytophthora blight is a disease that only requires control early in the season.
CONCLUSION
Although plants were inoculated at very different ages and times during the growing season, similar trends were still observed between years. Of the cultivars included in this trial, Paladin, Aristotle, and Intruder consistently showed the highest levels of resistance to this isolate of P. capsici over multiple years, while Red Knight and Karisma consistently showed the highest susceptibility. In 2008, RAUDPC values on Paladin and Aristotle were not significantly different from the standard resistant land race CM-334; however, CM-334 was not included in subsequent years of the trial (2009-2012), and therefore Paladin, Aristotle, and Intruder could not be compared with CM-334 in these years. The variable performance of Revolution and Declaration from year to year (compared with Red Knight) is likely due to variation in environmental conditions among years. The fact that these two cultivars did not perform better in a year with lower disease pressure supports this hypothesis.
TABLE 3
Temperature and rainfall data for the months of June, July and August 2008 through 2012. Measurements were made at a weather station located within two miles of the field site where peppers were screened for resistance to Phytophthora blight (Phytophthora capsici). f Total number of days without rainfall for each month. g Maximum number of consecutive days without rainfall over the months of June, July, and August. h Cumulative growing degree days (base 50) 1 June through 31 August.
FIGURE 1
Testing bell pepper cultivars for resistance to Phytophthora blight (Phytophthora capsici) in inoculated field trials conducted from 2008 through 2012. Disease is reported as mean relative area under the disease progress curve (RAUDPC), which was calculated from disease incidence ratings. Larger RAUDPC values correspond to higher incidence and more rapid plant death. Within each year, means followed by the same letter are not significantly different based on a Tukey's Honestly significant differences test, P = 0.05
